Divergence time estimation -the calibration of a phylogeny to geological time -is a integral first step in modelling the tempo of biological evolution (traits and lineages). However, despite increasingly sophisticated methods to infer divergence times from molecular genetic sequences, the estimated age of many nodes across the tree of life contrast significantly and consistently with timeframes conveyed by the fossil record. This is perhaps best exemplified by crown angiosperms, where molecular clock (Triassic) estimates predate the oldest (Early Cretaceous) undisputed angiosperm fossils by tens of millions of years or more. While the incompleteness of the fossil record is a common concern, issues of data limitation and model inadequacy are viable (if underexplored) alternative explanations. In this vein, Beaulieu et al. (2015) convincingly demonstrated how methods of divergence time inference can be misled by both (i) extreme state-dependent molecular substitution rate heterogeneity and (ii) biased sampling of representative major lineages. While these (essentially model-violation) results are robust (and probably common in empirical data sets), we note a further alternative: that the configuration of the statistical inference problem alone precluded the reconstruction of the paleontological timeframe for the crown age of angiosperms. We demonstrate, through sampling from the joint prior (formed by combining the tree (diversification) prior with the various calibration densities specified for fossil-calibrated nodes), that with no data present at all, an Early Cretaceous crown angiosperms is rejected (i.e., has essentially zero probability). More worrisome, however, is that for the 24 nodes calibrated by fossils, almost all have indistinguishable marginal prior and posterior age distributions, indicating an absence of relevant information in the data. Given that these calibrated nodes are strategically placed in disparate regions of the tree, they essentially anchor the tree scaffold, and so the posterior inference for the tree as a whole is largely determined by the pseudo-data present in the (often arbitrary) calibration densities. We recommend, as for any Bayesian analysis, that marginal prior and posterior distributions be carefully compared, especially for parameters of direct interest. Finally, we note that the results presented here do not refute the biological modelling concerns identified by Beaulieu et al. (2015). Both sets of issues remain apposite to the goals of accurate divergence time estimation, and only by considering them in tandem can we move forward more confidently. [Angiosperms; divergence time estimation; fossil record; marginal priors; information content; diptych; wild speculation.] "Molecular clocks are not up to the job, but neither is 1 the fossil record." Donoghue and Benton (2007) 2 Divergence time estimation from molecular genetic 3 sequences is fraught with uncertainty. The errors 4 involved in routine phylogenetic reconstruction 5 (suboptimal alignments, inadequate substitution 6 models, insufficient taxon/gene sampling, real gene 7 tree/species tree conflict, etc.) are compounded by 8 assumptions required to transform a phylogram (in 9 units of expected number of substitutions per site) 10 into a chronogram (in units of geological time): 1) an 11 appropriate model of substitution rate heterogeneity 12 among lineages and across time, and 2) temporal 13 calibrations, generated from the fossil (or biogeographic) 14 record, used to inform and constrain the extent of rate 15 variation.
group. Another conspicuous example, also spanning the 30 K-Pg boundary, is crown birds (Neornithes; Ksepka 31 et al. 2014), where (re)analyses have repeatedly lead 32 to incongruous inferred evolutionary timeframes (e.g., 33 Ericson et al. 2006 vs. Brown et al. 2007 Jarvis et al. 34 2014 vs. Mitchell et al. 2015 Prum et al. 2015) . 35 However, perhaps the best exemplified recalcitrant 36 node in terms of absolute age is that of crown 37 angiosperms, where molecular clocks pervasively infer a 38 Triassic age (e.g., Bell et al. 2010; Smith et al. 2010; 39 Zeng et al. 2014; Beaulieu et al. 2015; Foster et al. 2016 ; 40 see a comprehensive review of estimates in Magallón 41 et al. 2015) while the oldest undisputed fossil remains 42 are restricted to the Early Cretaceous (136 Ma; Brenner 43 1996) . Moreover, using a model of uniform random 44 fossilization (Marshall 2008) applied to 137 fossils lead 45 Magallón et al. (2015) to infer an upper bound on the 46 origin of crown angiosperms of just ∼140 Ma. The age of 47 this one node, more than any other, has seriously called 48 into question the utility of both molecular clock models 49 and the fossil record. 50 Numerous reasons have been put forth to explain the 51 disparity of molecular and paleontological timescales. On 52 the one hand we have concerns with the fossil record. 53 By their nature, fossils must postdate the origin of 54 taxa, meaning that molecular estimates should predate 55 those from the fossil record. Furthermore, it is clear 56 that the fossil record is imperfect (more so for some 57 groups than others), such that in some instances it may 58 prove impossible to ever have a tight correlation with 59 such reflections straightforward. We argue that this 48 is especially important in divergence time estimation 49 analyses, as it is generally unappreciated that there are 50 three sets of distributions to consider. In addition to the 51 temporal fossil calibration specified by the investigator 52 (the 'user prior') and the resulting marginal posterior 53 distribution, there exists an intermediate distribution, 54 the marginal prior (also called the 'effective' or 'joint' 55 prior by some authors), which is formed by the 56 interaction among user priors and the underlying 'tree 57 FIGURE 1. Diptych of Stilicho, ca. 395. Individual images can be viewed on their own, but the work as a whole is only coherent when considering the component pieces together. Photograph from Hayford Pierce and Royal Tyler, "L'art byzantin", Paris, 1932. Public domain. prior' (for nodes not directly calibrated by a fossil; 58 typically a birth-death prior). Here we turn our attention 59 to these distributions to see what, if anything, we can 60 glean about the age of crown angiosperms.
61
A Re-Reanalysis Of The Age Of Angiosperms
62
We reanalyzed the data set provided by Beaulieu 63 et al. (2015) . The molecular alignment consists of four 64 genes (chloroplast: atpB, psbB, and rbcL; nuclear: 18S) 65 for 124 taxa including 91 angiosperms representing all 66 extant orders (data file provided in the Supplementary 67 Material; see also data from the original paper available 68 on Dryad at http://dx.doi.org/10.5061/dryad.629sc). 69 Sampling was originally designed specifically for dating 70 the origin of angiosperms by allowing the placement 71 of 24 (15 angiosperm) fossil calibrations from across 72 landplants. All dating analyses reported here, like 73 those in the original paper, were performed using the 74 uncorrelated lognormal ( 
79
We regenerated the posterior results of Beaulieu et al. 80 (2015) by employing the original lognormal user priors 81 specified in Table 1 and the following analysis settings: 82 3 replicate analyses of 50 million generations, sampling 83 every 1000 generations. As in the original Beaulieu et al. 84 (2015) paper we fixed the tree topology (their Figure 1 ). 85 These analyses were re-run without any data (i.e., 86 subsequently found to be missing from the file shared by 28 the original authors). All analyses employed the UCLN 29 model as above and a fixed tree topology (their Figure 3 ).
30
The posterior results of Magallón et al. (2015) were 31 regenerated by running 3 replicate analyses of 100 million 32 generations, sampling every 5000 generations. These 33 analyses included the uniform calibration prior (139.5-34 136 Ma) on the age of crown angiosperms. To assess the 35 influence of this single prior, 4 replicate analyses of 50 36 million generations were performed without the prior. 37 Finally, as above, analyses sampling from the marginal 38 prior (i.e., without any data) were performed for both 39 sets of fossil calibrations (each with 4 replicates of 50 40 million generations).
41
Prior to summarization, the MCMC log files from 42 each set of replicated analyses were concatenated while 43 removing a conservative 10% sample burnin using the 44 pxlog program from the phyx package (Brown et al. 45 2017). All results were processed in R v3.3.2 (R Core 46 Team, 2016) and were visualized using ggplot2 v2.2.1 47 (Wickham, 2009) and code adapted from phyloch v1.5-3 48 (Heibl, 2008).
49
The Inaccessibility Of An Early Cretaceous 50 Crown Angiosperms
51
As in the original Beaulieu et al. (2015) paper we were 52 unable to recover a posterior age estimate for crown 53 angiosperms that corresponded with the prevailing 54 paleontological timeframe, even when employing overly 55 precise exponential fossil calibration user priors. 56 However, when considering the diptych interpretation 57 by examining the joint marginal prior, it is clear that 58 we need not invoke modelling complications (e.g., due 59 to biased lineage sampling or structured excessive rate 60 heterogeneity) to explain the results. Rather, when 61 running the analysis without any data, we see that 62 an Early Cretaceous crown angiosperms is precluded 63 based on the configuration of the statistical problem 64 alone (Fig. 2 ). From the trace plots ( Fig. 3) we 65 see that the parameter regarding the age of crown 66 angiosperms departs immediately from ∼140 Ma to 67 >200 Ma. In no instance did the MCMC samplers 68 ever return to a 'young' age of angiosperms. The 69 minimum post-burnin value for the prior and posterior 70 analyses for the original lognormal calibration priors 71 were 185.9 Ma and 192.0 Ma, respectively (181.1 Ma 72 and 176.0 Ma for the exponential calibration priors). 73 We note that these findings do not have to do with 74 any peculiarity of the Beaulieu et al. Top: prior (lognormal priors), orange (n = 2); posterior (lognormal priors), blue (n = 3); prior (exponential priors), red (n = 2); posterior (exponential priors), green (n = 3). Bottom: prior (no angiosperm constraint), orange (n = 4); posterior (no angiosperm constraint), blue (n = 4); prior (all constraints), green (n = 4); posterior (all constraints), red (n = 3; note that this is mostly obscured by the green prior trace). All analyses were initialized with the age of crown angiosperms set at ∼140 Ma.
Priors And Posteriors:

19
A Diptych In Three Parts 20 Above we introduced 'diptych' as a useful metaphor 21 for interpreting Bayesian analytical results. The paired 22 nature of a diptych mirrors the before (prior) and after 23 (posterior) reflection on what has been learned about 24 probable parameter values.
25
The metaphor is slightly more complicated for some 26 parameters involved in divergence time analyses. Nodes 27 not explicitly calibrated by fossil data (henceforth, 28 'uncalibrated' nodes) still require an age prior, which 29 is provided by a 'tree prior', typically a birth-death, 30 Yule, or coalescent prior. Such nodes thus have marginal 31 prior and posterior distributions, and are conducive to 32 the diptych metaphor. For those nodes that are directly 33 calibrated using fossil information, the interpretation of 34 the results of inference are more complicated. These 35 nodes have a 'user prior', a distribution constructed 36 in some way using information from the fossil record. 37 0.00 0.05 0. Table 1 ); green indicates the user-specified lognormal prior, orange indicates the marginal prior, and blue indicates the marginal posterior. It is clear, for the majority of calibrated nodes, that (from the nearly complete overlap of prior and posterior distributions) the data contain little information for the parameters of interest.
However, these nodes are also involved in the tree 1 prior. The resulting 'marginal prior' is a multiplicative 2 combination of the user and tree priors, and may the diptych metaphor for these nodes, rather than the 15 obvious 'triptych', as the focus lies still on the change 16 in belief on parameter values before (prior) and after 17 (posterior) observing the data, even if the prior involves 18 two components.] The difference between the marginal 19 prior and marginal posterior, like the uncalibrated 20 nodes, reflects information in the data (that is, the 21 likelihood). However, the difference between the user and 22 marginal priors, if present, may be better described as 23 demonstrating the influence of 'pseudo-data' present in 24 the various user priors. 25 We now turn our attention to the fossil-calibrated 26 nodes. Ideally we would find that the user and marginal 27 priors are identical (that is, that the marginal priors 28 of this node age has a 95% HPD range of 170.7-146.6 Ma, 12 which already surpasses the angiosperm paleontological 13 estimate of ∼140 Ma despite being well nested within the 14 clade. We note that Tricolpites is the oldest constraint 15 within angiosperms used by Beaulieu et al. 2015 (see 16  Table 1 and Fig. 5 ). However, it is clear that it is not 17 this particular calibration which is forcing angiosperms 18 to be 'too old'. Reanalysis without this specific constraint 19 yielded even older posterior estimates for both this node 20 (95% HPD: 181.2-154.3 Ma) and crown angiosperms 21 (mean 241.0 Ma vs. 233.0 Ma with the constraint; data 22 not shown). We cannot currently identify the cause of 1 the disruption of the Tricolpites user prior.
2 Finally, we consider differences between the marginal 3 prior and posterior distributions of age estimates for 4 these same fossil-calibrated nodes. As discussed above, 5 shifts in these paired distributions (i.e., following the 6 diptych metaphor) would indicate the presence/degree 7 of relevant phylogenetic 'information' (although theory 8 has not yet been worked out on how to quantify 9 this). However, from Fig. 4 we note that, for the most 10 part, these distributions are nearly indistinguishable.
11
This pattern is even more clear in Fig. 5 where, concern. The present results go a long way to explaining 37 why divergence time estimation shows such a strong boolean minimum ages for the age of the fossil) rather 57 than probabilistic distributions. As long as fossils were 58 correctly placed within the phylogeny, the inclusion 59 of more fossils should not produce misleading results. 60 For instance, fossils that are 'too young' (that is, 61 do not closely approximate in age the node they 62 are calibrating) are either simply uninformative, or 63 appropriately represent limitations of the fossil record. 64 As an extreme example, a chicken bone found in a 65 back alley gutter is a valid (if imprecise) minimum age 66 constraint for Gallus gallus (recently estimated at 2.9 67 Ma; Stein et al. 2015) .
68
However, from the results reported above (Figs. 4,5 ) 69 we find several concerns with including as many fossils 70 as possible in a probabilistic node-dating analysis. [We 71 note that these concerns do not apply to the fossilized 72 birth-death model (Heath et al. 2014) or tip-dating 73 (Ronquist et al. 2012) approaches to divergence time 74 estimation, which do not involve such calibrations.] 75 First, as with the Tricolpites example above, calibrations 76 can interact with each other and the tree prior in 77 unpredictable ways to produce marginal priors that 78 do not represent the originally intended user priors. 79 While this is a recognized (though under-appreciated) 80 issue, the available solutions work only for a small 81 number of calibrations (Heled and Drummond 2012; 82 Heled and Drummond 2015) . Second, given that the 83 marginal prior and posterior calibrated node ages 84 are often indistinguishable (suggesting little relevant 85 phylogenetic information content), it is worrisome that 86 the act of employing temporal calibration priors can 87 directly determine the resulting posterior patterns of rate 88 heterogeneity across a tree. It is not inconceivable, for 89 example, that the parametric use of the best available 90 fossils from an incomplete fossil record could turn a 91 clock-like data set unclock-like, needlessly increasing the 92 model complexity (and therefore uncertainty) involved.
93
Our final concern with unrestrained parametric 94 calibration use is the form of the calibrations themselves. 95 A flexible assortment of distribution families are 96 available (Ho and Phillips 2009; see also discussion in 97 Brown and van Tuinen 2011), allowing essentially any 98 prior belief to be employed. In addition, researchers 99 can make use of the fossil calibration database (Ksepka 100 et al. 2015), and prescribed 'best practices' (Parham 101 et al. 2012) can help avoid naive errors when dealing 102 with the fossil record. Nevertheless, the vast majority 103 of user calibration priors employed in the literature are 104 wholly idiosyncratic and arbitrary (we include ourselves 105 here). This is not necessarily a result of molecular 106 phylogeneticists lacking the appropriate paleontological 107 expertise (and isn't that what collaboration is for?), but 108 rather a property of data involved.
109
While methods exist to generate a distribution from 110 a set of fossils (Marshall 2008; Nowak et al. 2013; 111 Claramunt and Cracraft 2015), these require well 112 sampled data. Scant data is an entirely different problem. 113 How does one fit a distribution to a single (exceptionally 114 old, and therefore exceptionally informative) fossil? 115 Minimum bounds are simple (the age of the oldest 116 override the pseudo-data present in the node calibration 23 priors.
24
Where To Go From Here?
25
The results presented here highlight several issues 26 that should be considered as the field moves forward.
27
In regard to angiosperms, is the amount of temporal present, and which simply recapitulate the prior. When 57 hypothesis testing it is even more critically important to 58 determine whether a hypothesis is rejected by the data 59 or, as with the crown angiosperm age results above, are 60 effectively precluded by the joint prior.
61
However, new methods of divergence time inference 62 are emerging that largely bypass the concerns associated 63 with node-dating (Heath and Moore, 2014). The 64 fossilized birth-death model of Heath et al. (2014) 65 incorporates extant and extinct (i.e., sampled fossils) 66 lineages as evolving according to the same underlying 67 diversification model. Alternatively, when morphological 68 data are available for both extinct and extant taxa, 69 divergence times can be estimated using the tip-70 dating approach of Ronquist et al. (2012) . Both of 71 these methods can take advantage of an arbitrary 72 number of fossils within a lineage (rather than being 73 reduced to a single distribution as in node-dating) 74 and incorporate fossil temporal information directly 75 without extrapolation. The excitement surrounding 76 these methods might lead us to think it not unreasonable 77 to suppose that in the near future node-dating will be 78 regarded as a useful tool that was ultimately replaced by 79 methods that more directly make use of the available 80 data. However, both of these methods are relatively 81 new, and it is unclear whether they will overthrow 82 node-dating results for the most recalcitrant nodes (i.e., 83 placental mammals, crown birds, crown angiosperms, 84 etc.). These methods also raise new questions in regard 85 to model adequacy, implied and explicit assumptions 86 regarding both diversification and morphology models, 87 and data availability and quality for extinct and extant 88 lineages. Furthermore, the resulting divergence time 89 estimates from these new methods may not differ as 90 much as expected. For example, Eguchi and Tamura 91 (2016) employed the fossilized birth-death model and 92 found monocots arose 174.26-134.14 Ma, which does not 93 conflict strongly with previous node-dating results. It 94 thus appears far too premature to consider the tempo 95 of angiosperm diversification solved. 
